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The oestrogen receptor recognizes an imperfectly
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side-chain conformation
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Background: Structural studies of protein-DNA com-
plexes have tended to give the impression that DNA
recognition requires a unique molecular interface.
However, many proteins recognize DNA targets that
differ from what is thought to be their ideal target
sequence. The steroid hormone receptors illustrate this
problem in recognition rather well, since consensus DNA
targets are rare.
Results: Here we describe the structure, at 2.6 A resolu-
tion, of a complex between a dimer of the DNA-binding
domain from the human oestrogen receptor (ERDBD)
and a non-consensus DNA target site in which there is a
single base substitution in one half of the palindromic
binding site. This substitution results in a 10-fold increase
in the dissociation constant of the ERDBD-DNA com-
plex. Comparison of this structure with a structure con-
taining a consensus DNA-binding site determined
previously, shows that recognition of the non-consensus
sequence is achieved by the rearrangement of a lysine side
chain so as to make an alternative base contact.
Conclusions: This study suggests that proteins adapt to
recognize different DNA sequences by rearranging side
chains at the protein-DNA interface so as to form alter-
native patterns of intermolecular contacts.
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Introduction
Structural studies of protein-DNA complexes have
greatly enhanced our understanding of how proteins can
recognize specific DNA sequences [1]. However, in the
majority of cases only a single structure has been deter-
mined with the protein in complex with one particular
sequence (normally its ideal or consensus binding site).
This has tended to give the impression that specific pro-
tein-DNA interactions involve a unique stereochemistry
at the protein-DNA interface. In vivo, however, most
DNA-binding transcription factors are able to promote or
repress transcription through binding to target sites with
sequences that deviate from the consensus. This raises
important questions as to how proteins are able to recog-
nize a number of related sequences. These questions may
be experimentally addressed through determining the
structures of several complexes in which one protein is
bound to different DNA targets. By relating differences in
these complexes with measurements of DNA-binding
affinities we may hope to gain a thermodynamic under-
standing of the interactions at the protein-DNA interface.
In only one case, to date, have we obtained real insights
into how proteins interact with non-consensus, yet
specific, DNA targets. Structural analyses of the phage
434 repressor DNA-binding domain in complex with
three different DNA targets have revealed surprisingly
extensive differences in the protein-DNA interface at
the consensus and non-consensus sequences, showing a
rearrangement of several amino acid side chains, a dis-
placement of the phosphate backbone of the DNA, as
well as a small global movement of the protein [2-4].
The steroid hormone receptors bind as dimers to palin-
dromic DNA targets. In vivo, these targets rarely match
the consensus exactly and consequently these proteins
provide a good system for understanding how proteins
can recognize more than one DNA sequence [5]. Fig. la
shows a selection of biologically active DNA targets for
the oestrogen receptor (known as oestrogen response ele-
ments, EREs) [6-13]. These illustrate that in most cases
one half-site matches the consensus, whereas the other
contains base substitutions. Indeed, in the promoters of
some oestrogen-responsive genes, it is only possible to
identify single isolated half-sites since the deviation from
the consensus is so great.
The properties of the two non-consensus response ele-
ments in the Xenopus vitellogenin gene B1 [VitBl(1) and
VitBl(2), see Fig. 1] have been studied extensively
[8,14,15]. In vitro, each of these elements binds the oestro-
gen receptor considerably more weakly than the consen-
sus response element and in vivo, the isolated response
elements only weakly activate transcription in response to
oestrogen. However, two dimers of the oestrogen recep-
tor bind cooperatively to the two response elements as
arranged in the natural enhancer (Fig. lb), and activate
transcription to approximately the same extent as a single
VitA2 consensus response element.
Previous work has provided a good understanding of
how the oestrogen receptor recognizes its consensus
response element. This recognition is mediated by an 84
residue DNA-binding domain (DBD) containing two
zinc-binding motifs (which appear to have arisen as an
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evolutionary duplication of a single domain). This DBD
is highly conserved across the superfamily of nuclear hor-
mone receptors (Fig. 2a) [16,17]. In solution, when iso-
lated from the rest of the protein, the DBD is
monomeric (the whole receptor is a dimer, held together
by a strong dimerization domain elsewhere in the pro-
tein [18]). However, on binding to the palindromic
response element two monomers interact highly cooper-
atively to form a dimeric complex. NMR structural
analyses of the monomeric domain from the oestrogen
receptor (the ERDBD) [19], and those from several
other nuclear receptors [20-22], have shown that each of
the two zinc-binding motifs contains an a-helix nucle-
ated at its N terminus through binding a zinc ion. The
two helices are oriented perpendicularly to each other
and cross at their mid-points with an extensive
hydrophobic core between them. Whereas the whole of
the first zinc-binding motif is well ordered in solution, a
region within the second zinc-binding motif was found
to be comparatively poorly ordered [23].
Fig. 1. (a) A selection of biologically
active oestrogen response elements. The
sequences are derived from the promo-
ters of the Xenopus vitellogenin A2 gene
[6], the Xenopus vitellogenin B1 gene
[71, the chicken vitellogenin gene 9], the
human PS2 gene [11], and the human
1121 and mouse [131 c-fos genes. The five
base pair half-sites are shown in yellow
arrows. Bases that differ from the consen-
sus sequence are shown in red. Note that
one half of these response elements (here
shown on the right) always matches the
consensus. (b) The oestrogen responsive
unit from the Xenopus vitellogenin B1
gene. The right hand, proximal response
element is the ERE-VitB1(1), the left hand
response element is the ERE-VitBi(2),
which is used in this study.
In the crystal structure of an ERDBD dimer bound to a
consensus response element [24] (and analogously in a
structure of the complex between the glucocorticoid
receptor DNA-binding domain (GRDBD) and DNA
[25]), two monomers of the ERDBD bind to adjacent
major grooves from one side of the DNA double helix.
Each monomer makes phosphate contacts on both sides
of the major groove thus positioning the helix in the
first of the two zinc-binding motifs in the major groove,
such that exposed side chains directly contact the DNA
bases (see below).
The region within the DBD that was found to be disor-
dered in solution, forms a tight dimer interface between
the two monomers in the protein-DNA complex
[24,25]. Some residues in this region also contact the
phosphate backbone of the DNA. The formation of this
dimer interface determines the strict requirement for
a three base pair (bp) spacing between the half-sites
and also explains the cooperative binding characteristics
Fig. 2. (a) The amino acid sequence of
the ERDBD shown in the classical 'zinc-
finger' representation. Helical regions
are boxed and shaded yellow. Phos-
phate contacts are indicated by filled
squares, base contacts by asterisks.
(Note that Ala29 is also in van der
Waals contact with an adenine but this
interaction is not shown.) Residues mak-
ing direct inter-protein contacts at the
dimer interface are indicated by filled
circles. Those making indirect dimer
contacts mediated by ordered water
molecules are indicated by open circles.
(b) The consensus and variant ERE DNA
targets with which the ERDBD has been
crystallized. Those base pairs in the
ERE-VitB1 (2) that differ from those in the
consensus response element (ERE-CON)
are shown coloured red. Large letters
indicate the two half-sites (here shown
as 6 bp so as to be comparable to the
glucocorticoid response element).
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observed in binding assays. Cooperativity between ad-
jacent DBDs assists the receptors when binding to
imperfectly palindromic response elements. This is
strikingly demonstrated in the crystal structure of a
complex between the related GRDBD and a target site
with a 4 bp spacing between the half-sites [25]. (The
GR half-site sequence differs from that of the ER in
only 2 bp.) Because there is a strict requirement for a
three base pair spacing, only one half of the dimer binds
to a consensus sequence. The other half of the dimer
(assisted by contacts with the first half) is contacting
what is effectively non-specific DNA, making many
fewer contacts to the DNA bases. This 'half-specific'
GRDBD structure gives some insight into how recep-
tors can interact with targets containing only one recog-
nizable half-site sequence. More commonly, however, in
natural response elements the base substitutions are
more conservative and footprinting assays show strong
protection at both the consensus and non-consensus
halves of the response element.
Here we report the characterization of the binding of the
ERDBD to a non-consensus ERE (derived from the
VitB 1(2) site, hereafter termed ERE-VitB 1(2); Figs 1 and
2) which has a single guanine to adenine substitution in
one of the two half-site sequences that comprise the
binding site. We also report the crystal structure, at 2.6 A
resolution, of an ERDBD dimer bound to this site. A
comparison of this structure with the consensus structure
shows how the ERDBD adapts to recognize the altered
half-site sequence. Furthermore, since these crystals grow
in a different space group, we have been able to observe
the complex in a different packing environment.
Results and discussion
Binding assays
Differential binding affinities for the ERDBD binding to
consensus and variant DNA target sites were measured
using gel-retardation assays with three different target
sites. These contain the following half-sites: AGGTCA
(consensus ER half-site), AAGTCA [VitB1(2) variant
ER half-site] and AGAACA (consensus GR half-site, as a
negative control). These three half-sites were embedded
in the sequence: CCAAAGTCxxxxxxCAGTGACC-
TGATCAAA. Two different types of binding assay were
employed (described below). These were analyzed using
non-denaturing gel electrophoresis and dissociation con-
stants were derived from the intensity of bands in these gels
(measured using a Molecular Dynamics PhosphorImager).
In the dilution experiments (Fig. 3a) the protein:DNA
ratio was constant at 2:1 and the initial DNA concentra-
tion was 10- 7 M. For the consensus ERE at 10-7 M,
more than 90% of the DNA is in a dimer complex and at
4x10-9 M about 50% is in the dimer complex. These
ratios yield an approximate overall dissociation constant
of 10- 9 M for the dimer (see graph of theoretical values
in the Materials and methods section). A similar analysis
for the ERE-VitB1(2) complex suggests that the overall
dissociation constant for the dimer is approximately
10-8M. For the ERE-GRE the smearing in the gel
makes it difficult to assess the dissociation constant, but
the intensity measurements suggest that -30% of the
DNA is in the dimer complex at 10 - 7 M DNA. This
suggests an overall dissociation constant in the region of
10- 7 M. Although these values are inherently approxi-
mate, especially because the rapid off-rate of the protein
makes the complex very sensitive to electrophoresis con-
ditions, they give a clear picture of the relative binding
affinities for these three DNA-binding sites. In conclu-
sion, the G to A substitution results in a 10-fold increase
in the overall dissociation constant.
Fig. 3b shows binding experiments in which increasing
amounts of protein were added to the target site at
10- 8 M (note the protein:DNA ratios are different for the
different DNA targets). The proportions of complex seen
in these titrations are consistent with the estimated disso-
ciation constants discussed above. At this DNA concen-
tration, the DNA in complex with a single ERDBD (the
monomeric species) becomes measurable, and using the
analysis detailed in the Materials and methods section it is
possible to estimate the ratio between the dissociation
constants of the first and second ERDBD molecules.
However, the estimation of monomer concentration in
Fig. 3. The ERDBD binds more weakly
to non-consensus response elements.
Gel-retardation analyses of the ERDBD
binding to the consensus (ERE-CON),
variant [ERE-VitB (2)] and half-
ERE/half-GRE (ERE-GRE) DNA targets.
(a) Dilution experiments carried out at a
constant protein:DNA ratio of 2:1, with
increasing DNA concentrations of
4x10- 9 M, 2x10 -8 M and x10- 7 M
(from left to right). (b) Binding titrations
carried out at a DNA concentration of
1xl 0-8 M and increasing concentrations
of protein (protein:DNA ratios are indi-
cated above each lane). The analyses
were performed using 6-18% gradient
non-denaturing polyacrylamide gels.
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the gels can only be approximate because of the smearing
which results from the high off-rate. Our best estimate,
based on these experiments and others, is that with the
consensus ERE the dissociation constant for the second
DBD is between 10 and 30 times lower than that of the
first. On the ERE-VitB1(2) target, the dissociation con-
stant for the second protein is between two and four
times lower than the first. On the ERE-GRE target site,
the dissociation constants for the first and second proteins
are approximately equal. These experiments bring into
focus the importance of the cooperative interaction
between monomers in assisting the receptors to bind to
non-consensus response elements. Whilst it is difficult to
obtain precise DNA-binding constants, these gel-retarda-
tion assays set the scene for the interpretation of the
structural work described below.
Crystallization strategy and structure determination
In many of the protein-DNA complexes crystallized to
date, the DNA forms pseudo-continuous fibres within
the crystal lattice. Following this observation, it has
become common practice to design oligonucleotides for
crystallization such that they can pack in this way
[25-28]. We followed this strategy previously when
preparing the crystals of the ERDBD bound to the con-
sensus response element [24]. The sequence of the 18 bp
consensus DNA target was symmetrical (with the excep-
tion of the central base pair) such that it could fit in the
crystal lattice in either orientation, making identical
Hoogsteen base-pairing interactions with the two neigh-
bouring oligonucleotides (Fig. 2b). This symmetry of
sequence was reflected in a symmetrical structure with
essentially identical protein:DNA contacts made at each
half-site. One of the consequences of employing the
non-consensus VitB1(2) DNA target is that this intro-
duces asymmetry into the complex. In order to restrict
the oligonucleotide to a single orientation in the crystal
lattice the ends of the DNA were designed to be asym-
metrical (Fig. 2b) such that the oligonucleotide can only
interact with its two neighbouring oligonucleotides in
one orientation, with head-to-tail packing.
Crystals of the ERDBD-ERE-VitB1(2) complex were
obtained under similar conditions to those which yielded
crystals of the consensus complex in an orthorhombic
space group. However, the new crystals of the non-con-
sensus complex have a monoclinic space group (C2). The
structure of the ERDBD bound to the ERE-VitB 1(2) site
in the monoclinic crystal form was solved to 2.6 A resolu-
tion by molecular replacement using dimer A (see below)
from the consensus structure. (For full details, see Materials
and methods.) In both the orthorhombic and monoclinic
crystal forms [consensus ERE versus ERE-VitB1(2)] there
are two complexes in the asymmetric unit (termed con-
sensus and variant dimers A and B). Fig. 4 shows that the
end-to-end packing of the DNA is rather similar in the
two crystal forms, with pseudo-continuous DNA fibres
along the two-fold screw axes in the unit cell (successive
molecules in each fibre are crystallographically related).
The side-by-side DNA packing, and protein packing, in
the monoclinic crystal form is somewhat looser than that
in the orthorhombic form. Thus, the monoclinic crystals
Fig. 4. Orthogonal views of the crystal
packing in the orthorhombic and
monoclinic crystals. All atoms in the
DNA are coloured magenta. Ca atoms
in the protein are coloured yellow. The
unit cell boundaries are shown in red.
(a) The P2,2 12, cell viewed down the c
axis. (b) The C2 cell viewed down the b
axis. (c) The P212121 cell viewed down
the a axis. (d) The C2 cell viewed down
the c axis.
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are less dense (3.1 A3 Da-1 versus 2.1 A3 Da- ') with sol-
vent channels perpendicular to the DNA fibres (Fig. 4d).
The refinement of the structure is described in the
Materials and methods section. At each stage of the
refinement process efforts were made to assign the direc-
tionality of the oligonucleotide, so that the appropriate
asymmetry could be introduced into the model (which
was based on the symmetrical consensus complex). At
no stage could the directionality be unambiguously
assigned. Refinement with asymmetric models for the
two molecules in the asymmetric unit, in each possible
arrangement, yielded no favoured orientation. Con-
sequently, we have to conclude that despite the designed
asymmetry of the oligonucleotide, the orientation of the
DNA is to a large extent averaged in both complexes in
the asymmetric unit. Indeed, simulated annealing omit
maps calculated in X-PLOR [29], omitting the central
base pair, revealed clearly averaged density for this base
pair (shown in Fig. 5 for one of the oligonucleotides).
This is the most diagnostic base pair to examine, since
the different orientations switch the positions of the
purine and pyrimidine bases. The geometry of the
Hoogsteen base pairs (at the ends of the binding site) is
good, implying that the averaging does not result from
the oligonucleotides within one fibre packing in random
orientations. Rather, it seems that symmetry-related
pseudo-continuous fibres can pack in either orientation
with respect to each other.
It is important to note that the evidence for averaging in
these crystals derives from looking at regions of the
structure that one expects to be chemically distinct.
There is no indication that there is a general averaging of
two globally distinct structures (indeed one might expect
such crystals to diffract very poorly). This provides strong
evidence that the structures of both the protein and
DNA (and their interaction) at the consensus and variant
Fig. 5. Electron density for the central base pair of the DNA-bind-
ing site indicates that it is an average between an adenine-
thymine and a thymine-adenine base pair. The map shown in
blue is a 2F0-Fc simulated annealing omit map 129] (omitting the
central base pair), contoured at 1.2(. Note that the density
encloses a similar volume for each base.
half-sites are extremely similar. Indeed, where they differ
we can clearly see electron density for alternative side-
chain conformations (discussed below). It is clear that the
base substitution does not result in the type of loose
complex seen in the 'half-specific' GRDBD structure
[25] described above.
In the discussion presented below the reader should
appreciate that each of the four half-site complexes (there
are two dimer complexes in the asymmetric unit) is an
average structure of the consensus and variant half-site
complexes. This does not mean that the two halves of
each dimer complex need be the same, since each is in a
unique environment in terms of crystal packing. Thus
differences between the two halves of the averaged com-
plexes arise from crystal packing. Differences resulting
from the two alternative half-site sequences appear in all
four half-site complexes as averaged electron density.
Overall structure
The structures of the ERDBD bound to the consensus
ERE [24] and to the ERE-VitB1(2) are very similar, both
in overall structure and in many of the details. Fig. 6a
shows a superposition of the two consensus dimers and
the two variant dimers of the ERDBD bound to DNA.
Some of the details of the protein:DNA interface are
shown in Fig. 6b. The eight half-site complexes (from two
crystal structures, each containing two dimer complexes,
each with two half-site complexes) are superimposed and
shown with the 2Fo-F c electron density for one complex
from the variant crystals. Even at this level of detail, the
structures of all the half-site complexes are extremely sim-
ilar (the small differences are discussed below). Most of
the contacts with the phosphate backbone are present in
all of the structures such that the disposition of the protein
with respect to the DNA is the same in all complexes.
We have analyzed the DNA in both dimers in both the
consensus and variant structures, using the program
CURVES [30]. It is clear that where there are local distor-
tions in the DNA (e.g. large propeller twist, buckle, roll
etc.), these are present in all the structures. Interestingly
near the ends of the DNA, which are not in contact with
protein, there are some adjustments in the monoclinic
crystals that result in a slight (1-2 A) reduction in the
length of the DNA (see Fig. 6a). It is significant that the
ends of the DNA can adjust to accommodate the different
crystal packing (possibly due to freezing), yet the DNA
structure in contact with the protein remains the same.
This suggests that the protein requires a specific structure
of the DNA at its recognition sites and that this structure
is not perturbed by crystal packing.
'Recognition' of a non-ideal half-site sequence
It is easiest to understand the consequences of the base
substitution in the non-ideal half-site by first reviewing
the contacts seen in the consensus structure [24]. In this
structure, the pattern of protein-DNA contacts is the
same (except for two residues contacting the phosphate
backbone) for all four proteins in the asymmetric unit of
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Fig. 6. Superposition of the consensus and variant structures of the ERDBD. Red indicates dimer A in the consensus structure; magenta
indicates dimer B in the consensus structure; purple indicates dimer A in the variant structure and green indicates dimer B in the variant
structure. This colour code is maintained in many of the following figures. (a) The four dimer complexes are shown superimposed on
the Cao atoms of the two recognition helices in dimer A from the consensus structure (RMSDs for the superpositions: 0.299 A, 0.345 A
and 0.445 A). The structure is oriented such that the viewer is looking down the recognition helices lying in adjacent major grooves,
with the dimer interface between monomers above the minor groove of the DNA. (b) Eight half-site complexes are shown superim-
posed on Coa atoms 7-35 and 59-72 from protein 2 of dimer A in the variant structure (RMSDs 0.315 A, 0.292 A, 0.223 A, 0.239 A,
0.249 A, 0.310 A and 0.353 A). The 2FO-Fc electron density map for protein 2 in variant dimer A is shown contoured at 0.4 e A-3. The
view is looking down the axis of the recognition helix from the C terminus with DNA bases at the bottom and the second zinc site near
the dimer interface at the top left. Four of the conserved water molecules (w) at the protein-DNA interface are labelled.
the crystal (Fig. 7). Four amino acids make direct hydro-
gen-bonding contacts with the base pairs; Glu25, Lys28,
Lys32 and Arg33 (which also makes a phosphate con-
tact). In addition, Ala29 is in van der Waals contact with
an adenine base and there are numerous contacts to the
phosphate backbone of the DNA, mainly from residues
conserved across the nuclear receptor super family. Eight
ordered water molecules are also present at the interface
between each ERDBD monomer and DNA, making
hydrogen bonds to both protein and DNA. The role
of Glu25 seems remarkable in that the two carboxylic
oxygens are buttressed by other amino acids. One of
the buttressing residues is Serl5, which also donates a
hydrogen bond to Hisl8, which in turn donates a
hydrogen bond to a phosphate. The other is Lys28
which, in addition to making a salt bridge to Glu25, also
donates a hydrogen bond to the 06 of a guanine (Figs 7
and 8a). It is this guanine that is substituted by an ade-
nine in the ERE-VitBi(2) response element. As it was
clear from the consensus structure that the position of
Lys28 would result in a steric clash with the N6 amine
of the adenine, it was predicted that in the ERE-
VitB1(2) complex the position of this residue would
necessarily be perturbed.
In order to obtain an unbiased view of the role of Lys28
in each protein in the variant structure, simulated
annealing maps were calculated in X-PLOR omitting
these lysine residues (Figs 8b-e). In all four ERDBD
molecules, the density observed for Lys28 can best be
interpreted as arising from an average of two orienta-
tions for Lys28 (see Fig. 8). This is consistent with the
interpretation of the averaging discussed above. One
position allows Lys28 to hydrogen bond to the 06 of
the guanine and form a salt bridge with Glu25 (see Fig.
8a). As this position was observed for all four proteins-in
the consensus structure, it is presumably correlated with
the consensus half-site. The second position is a new
orientation and is presumably correlated with the non-
ideal half-site. In this position, the important salt bridge
to Glu25 and the hydrogen bond to the guanine 06 (in
this case adenine NH 2) are broken. However, in this
new orientation, Lys28 is positioned so as to make
hydrogen bonds to both the protein and the DNA. It
donates a hydrogen bond to the hydroxyl group of
Tyrl9 and to the N7 of the substituted adenine.
However, these hydrogen bonds have less than optimal
geometry. Thus it appears that the ability of Lys28 to
adopt this alternative side chain arrangement is part
of the design of the protein. Interestingly, a crystal struc-
ture of the GRDBD, mutated to resemble the ERDBD,
in complex with a consensus ERE, shows one half of
the dimer has Lys28 with the side chain in a similar
'alternative' conformation [31].
Of the other residues making base contacts, Glu25 and
Arg33 have the same conformation as in the consensus
structure. Lys32 however, shows some slight variability in
its contacts, but is always close to two hydrogen bond
accepting groups (the 04 of a thymine and the N7 of a
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dimer A in the variant structure, the conformation of
these residues is similar to that in the two dimers in the
consensus structure. However, in dimer B, although the
alanine contact is maintained, the two proline rings are
splayed apart and a water molecule (with an exception-
ally low temperature factor) is trapped in the hydro-
phobic pocket between the two rings below the two
alanines. The deformation does not perturb the hydro-
gen bond between the backbone amide nitrogen of
Tyr5O in one monomer and the carbonyl oxygen of
Pro44 in the other.
Fig. 7. Schematic view of the protein-DNA contacts in the
consensus and variant complexes. The DNA is shown as an
opened-out helix with the base pairs in the major groove
labelled. Bases that are in contact with the protein are shown in
cyan and the side chains contacting them are indicated in
yellow. Phosphates in contact with protein are shown in red,
the corresponding amino acids are shown without highlight.
Ordered water molecules at the protein-DNA interface are
shown as purple circles. Arrows indicate the direction of hydro-
gen bonds. The interpretation of the two alternative roles for the
side chain of Lys28 are highlighted in green (consensus half-site)
and pink (variant half-site).
guanine). At two of the half-sites it appears to interact
with both accepting groups, as it did in the consensus
structure. At the third half-site it seems to have moved
very slightly so that it can interact only with the thymine.
At the fourth half-site there is no electron density beyond
the Cy atom suggesting that it is mobile and switches
between the different acceptors. Finally, the eight water
molecules seen to bridge the protein-DNA interface in
the consensus complex, are essentially unperturbed by
the change in the ERE-VitBl(2) sequence.
Dimer interface
The consensus structure showed that the dimer interface
comprises two parts. The first of these is a loop between
the zinc ligands, Cys43 and Cys49. This is exposed at the
top of the structure, away from the DNA. Pro44 and
Ala45 in this loop in one monomer make van der Waals
contacts with the same residues in the other monomer
(Fig. 9a). These contacts are the same in both dimers of
the consensus structure, although in dimer B the temper-
ature factors for these residues are rather high (data were
collected at room temperature). In contrast, in both
dimers of the variant structure the temperature factors
for these residues are extremely low (even taking into
account that the crystals were frozen; see below). In
The second part of the dimer interface involves residues
between the zinc ligands Cys49 and Cys59. The confor-
mation of this region of the protein differed in the two
dimers in the consensus structure (Fig. 9b). In both pro-
tein monomers in dimer A, residues from Asn54-Cys59
are folded to form a small helical segment and conserved
residues Arg56 and Lys57 make several phosphate con-
tacts. A number of ordered water molecules bridge the
residues Ser58 and Met42 in the two monomers. In both
protein monomers in dimer B (in the consensus struc-
ture), the small helix is absent and residues Cys49-Cys59
form an extended loop. As this loop is involved in crystal
packing contacts in only one of the monomers, it was
thought that the structures of the small helical regions in
both monomers were interdependent and induced on
DNA binding (note this region of the protein was disor-
dered in the NMR structure of the monomer).
Dimer A in the variant structure is similar to dimer A in
the consensus structure - both proteins have the small
helix. One protein in dimer B in the variant structure,
has an extended loop analogous to the proteins in dimer
B of the consensus structure. In the other protein in
dimer B in the variant structure, there are clearly two or
more alternative conformations for residues in this
region. The electron density was not readily inter-
pretable, but a mixture of the two conformations seen in
the other dimers probably exists.
It seems remarkable that in two very different packing
environments, two distinct conformations should be
present for the residues Asn54-Ser58. This is even more
remarkable when one considers the importance of the
role of Arg56, which not only contacts two phosphate
groups, but also hydrogen bonds to one of the cysteine
ligands in the first zinc-binding site, thus linking the
structural core of the protein to the phosphate back-
bone. When the helix is not formed, this residue makes
none of these contacts. This suggests that this region
only forms a helical structure upon DNA binding, and
that crystallization has trapped intermediates in this
folding process.
C-terminal tail
We have found from binding analyses that the 10 C-ter-
minal residues of the ERDBD, shown to be flexible in
the NMR structure, play an important role in DNA
binding, since their removal dramatically increases the
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Fig. 8. Recognition of the guanine to
adenine substitution is achieved through
a rearrangement of a lysine side chain.
(a) The interaction of Lys28 with DNA
in the consensus structure. The 2Fo-F
electron density map is contoured at
0.4 e A-3. Hydrogen bonds are indi-
cated by dotted lines. (b-e) Interaction
of Lys28 with DNA in the four ERDBD
molecules in the asymmetric unit of
the variant structure. 2Fo-FC simulated
annealing omit maps [29] (omitting
Lys28) are contoured at 1.2a. Although
adenines or guanines are shown at posi-
tion 4, we believe this base is in fact an
average of the two (see text). (f) Inter-
pretation of the maps shown in parts
(b-e). The two alternative conformations
for the side chain of Lys28 when inter-
acting at the variant and consensus half-
sites (averaged in the map) are
modelled. The base shown is a guanine,
as found in the consensus half-site. The
06 group on the guanine is substituted
by an NH2 group in adenine. The
hydrogen bonds coloured white can be
formed at both half-sites, those in green
at the consensus half-site and those in
magenta at the variant half-site.
dissociation constant [23]. However, to our surprise, in
the crystal structure of the consensus complex [24], these
residues were apparently disordered and made no contact
with the DNA. One possible explanation for this disor-
der was that the tight side-by-side packing of the DNA
fibres perturbed the structure of this region. However,
the packing in new crystals is considerably looser and yet
in all four proteins in the asymmetric unit there is no
interpretable electron density for these 10 C-terminal
residues. It therefore seems most likely that these residues
contribute to the binding affinity by increasing the 'on-
rate', through sme electrostatic influence (the 'tail'
includes several charged residues), rather than by decreas-
ing the 'off-rate', through forming specific interactions
with the DNA.
Temperature factors
The observation that temperature factors for residues at
the dimer interface differed markedly in the consensus
and variant structures (data collected at room tempera-
ture and 95 K respectively), prompted us to analyze the
temperature factors in more detail. Fig. 10 shows tem-
perature factors for protein and DNA in the four com-
plexes (two from the consensus structure and two from
the variant structure). As one might have expected, mol-
ecules in the frozen crystals have generally lower temper-
ature factors. The temperature factors for phosphorus
atoms in the DNA (Fig. 10a, top panel) follow a very
similar pattern in all eight DNA strands. Although the
protein makes phosphate contacts on both sides of
the major groove, it is striking that the three phosphates
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This contains the two regions of the dimer interface
(blue block and bold-outlined yellow block). Freezing
results in a dramatic lowering of temperature factors with
the general exception (although not for one of the frozen
proteins) of the lower part of the dimer interface, where
there is a helix in some of the proteins. This supports the
notion that this region is less stably structured than other
parts of the protein.
Conclusions
At first sight the averaging in these crystals would appear
to pose a problem in the interpretation of the structure.
In fact, quite the opposite is true. Had the crystal not
been averaged we would have analyzed all the small dif-
ferences between the two halves and puzzled over which
were the result of the altered DNA sequence. However,
the fact that consensus and variant half-site complexes are
so similar that they can be averaged, gives us a very
strong indication that most features of the consensus and
variant half-site complexes are identical.
Fig. 9. Structural heterogeneity at the dimer interface. The colour
scheme follows that described in Fig. 6. The structures were
superimposed as described in Fig. 6a. (a) The top portion of the
dimer interface showing the interactions of Pro44 and Ala45. The
van der Waals distances between the interacting groups are
listed. Note that for dimer B in the variant structure the prolines
are splayed aart and a water molecule is positioned between
the two rings. (b) The smoothed C traces for residues from
Cys43 to Cys59 are shown. This view shows the two confor-
mations of the backbone for residues Asn54 to Ser58 (see text
for discussion).
contacted by the side of the protein near the dimer
interface have by far the lowest temperature factors.
As expected, the temperature factors of the bases (bottom
panel Fig. 10a) are generally lower than those of the
phosphate backbone (note the temperature factor of the
C2 atom is taken as being representative of the whole
base). The pattern of temperatures factors is more or less
conserved in all eight strands of DNA. It is interesting
that unlike the temperature factors of the phosphate
backbone, the bases with the lowest temperature factors
are not those in most intimate contact with the protein.
Indeed, the base with the lowest temperature factor is
one of the three in the spacer between the two half-sites.
This would seem to suggest that these bases are physically
constrained and it is likely that the identity of these con-
strained bases may indirectly contribute to specificity.
The temperature factors of the protein are shown in
Fig. 10b. In the N-terminal zinc-binding motif, includ-
ing the recognition helix, the temperature factors of all
eight proteins are generally similar - freezing makes
rather little difference. Furthermore, the linker region
Ile35-Tyr41 is generally poorly ordered in all the struc-
tures. The second zinc-binding motif is more interesting.
The primary objective of this study was to gain a struc-
tural understanding of the change in binding affinity for
the variant binding site. In other words, does the struc-
ture of the protein-DNA interface at the variant half-site
account for the reduced DNA-binding affinity observed
in the gel-retardation assays (Fig. 3)?
There are essentially three possible causes of the reduced
DNA-binding affinity: the first and simplest of these is a
loss of interaction energy between protein and DNA
through there being fewer, or less favourable, intermolec-
ular hydrogen bonds, or electrostatic interactions.
Although the new position occupied by Lys28 still allows
it to make an equivalent number of hydrogen bonds, it is
quite likely that these are less favourable than the but-
tressing salt bridge to Glu25 and the hydrogen bond to
the guanine 06 at the consensus half-site.
The second possible cause of the reduced DNA-binding
affinity is a poorer complementarity of shape at the inter-
face, leading to fewer waters being excluded, and a cor-
respondingly reduced entropic contribution from this
water displacement. Indeed, it is becoming accepted that
a large proportion of the force driving the formation of
protein-DNA complexes is derived from the entropic
gain in releasing water molecules from the surface of the
isolated protein and DNA molecules on complex forma-
tion. This is clearly one of the causes of the reduced
binding affinity of the GRDBD for the four-spaced tar-
get site, but does not seem important for the ERDBD in
this case, because the nature of the complex is so similar
and the same number of water molecules are present at
the protein-DNA interface.
The third possible cause of reduced binding affinity is a
'hidden' enthalpic term. We have suggested (see above)
that the protein seems to prefer a particular DNA con-
formation. If the change in half-site sequence were to
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Fig. 10. The refined temperature factors
for the complexes in the frozen and
room temperature crystals. The colour
scheme follows that described in Fig. 6:
red indicates dimer A in the consensus
structure; magenta indicates dimer B in
the consensus structure; purple indi-
cates dimer A in the variant structure
and green indicates dimer B in the vari-
ant structure. (a) Temperature factors for
the phosphate backbone (top) and bases
(bottom) in the DNA targets. The base
sequence of the DNA is shown with the
half-sites highlighted. Note that there
are eight DNA strands (two strands in
each dimer complex and two com-
plexes in each of the two structures).
(b) Temperature factors for the Ca
atoms in the ERDBD in the different
structures. The sequence is shown
below the figure. Zinc ligands are indi-
cated by dots; helices by yellow blocks;
the top part of dimer interface by a blue
block and the helix in the lower part of
dimer interface by a yellow block with a
bold outline. Note that there are eight
ERDBD molecules (two in each dimer
complex and two complexes in each of
the two structures).
increase the energy cost in adopting this favoured
structure, this would detract from the binding affinity.
In conclusion, the most likely cause of the reduced
DNA-binding affinity appears to be a reduced interac-
tion energy resulting from the loss of a salt bridge and the
formation of hydrogen bonds with less than optimal
geometry. In addition, there may be an energy cost in
achieving the required DNA structure.
Biological implications
The regulation of gene expression requires that
transcription factors are able to recognize specific
DNA-binding sites in the promoters of the genes
that they regulate. Traditionally, this protein-DNA
recognition has been viewed as being highly spe-
cific, yet most transcription factors are able
to recognize and promote transcription from a
number of DNA targets that deviate from the con-
sensus sequence. So how does a transcription factor
recognize target sites that have different sequences?
Understanding how this is achieved at a molecular
level is an important part of understanding pro-
tein-DNA recognition as a whole. However, to
date, most structural work has focused on proteins
in complex with a single DNA sequence, often the
ideal or consensus sequence. The present study
addresses this issue by comparing the structure of
the oestrogen receptor DNA-binding domain
(ERDBD) in complex with two different naturally
occurring DNA targets. We have also measured the
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DNA-binding affinity for these different DNA tar-
gets. By relating changes in affinity to structural
changes at the protein-DNA interface, we hope to
begin to understand the thermodynamics of the
interactions at protein-DNA interfaces.
The oestrogen receptor is one member of a large
family of transcription factors involved in a wide
range of cellular processes [16]. It regulates tran-
scription of its target genes by binding as a dimer
to a palindromic binding site consisting of two
half-sites separated by three base pairs [6]. It is
striking that, in vivo, many response elements are
composed of one half-site matching the consensus
and one half-site containing one or more base
substitutions. We have previously determined the
structure of an ERDBD dimer bound to a consen-
sus response element [24]. This structure showed
how recognition is achieved through a network of
hydrogen bonds between protein, DNA and
ordered water molecules at the protein-DNA
interface. In the structure described here the
ERDBD is bound to a non-consensus response
element from the Xenopus vitellogenin gene. This
response element has a single base substitution
(guanine to adenine) in one of its two half-sites.
Comparison of the complexes containing consen-
sus and non-consensus DNA shows that the pro-
tein accommodates this base change through the
rearrangement of a lysine side chain (Lys28).
When bound to a consensus half-site, this residue
donates a hydrogen bond to the 06 of the gua-
nine. On the variant half-site, Lys28 cannot accept
a hydrogen bond from the equivalent NH 2 group
of the adenine, and thus it moves so as to donate a
hydrogen bond to the N7 of the adenine. This
rearrangement leads to the loss of a salt bridge to
a glutamic acid (Glu25) that also makes a base
contact. All the other features of the protein-DNA
interface are essentially unperturbed. However,
our binding studies show that these small changes
result in a significant loss of DNA-binding affinity.
It would appear that some natural targets have
evolved to bind protein with less than maximal
affinity and as such are presumably optimally
suited to their biological function.
Materials and methods
DNA-binding assays
Oligonucleotides used for the analysis of DNA-binding activity
were synthesized and purified as described previously [23]. To
visualize the DNA in the binding experiments the oligonu-
cleotides were 5' end-labelled using [y 32P]ATP and T4 polynu-
cleotide kinase. Gel retardation assays were performed using
6-18% gradient acrylamide mini-gels (30% acrylamide: 0.8%
bis-acrylamide) with 0.5XTB (45 mM Tris Borate pH 8.4) gel
electrophoresis buffer. The binding buffer contained 20 mM
MES pH 6.0, 2 mM MgC12, 3% glycerol and 0.05% NP40.
The gels were visualized and the intensity of bands quantitated
using a Molecular Dynamics Phosphorlmager.
Overall dimer binding constants (ignoring the presence of the
monomer species) were estimated by comparing the observed
percentage complex with the theoretical plot in Fig. 11 -
assuming a 1:1 ratio of dimer:DNA.
The ratio of the dissociation constants for the first and second
protein monomers to bind to the response element was esti-
mated assuming the following equilibria:
PDon + PCOD
KP
P+D
K2
P2D
K3 K4
PD + P
We can assume from the overall dissociation constants that:
K3>>KI therefore [PDvar]<[PDcon] and thus K - [PD]2
K2 - [P2D][DI
This analysis has the advantage that it involves just the ratio of
quantities that can be directly measured from the gels and is
independent of the absolute concentrations of protein and
DNA. It also gives a clear measure of the cooperativity of
binding, i.e. how much more strongly the protein binds to the
second site compared with the first.
Preparation of crystals
Protein and oligonucleotides for crystallization were purified
and mixed to prepare complex in the same manner as previ-
ously described [23,24]. Crystals grow over a range of condi-
tions. The single crystal used in this study was grown at 20°C
Fig. 11. Plot of the theoretical relationship between the percent-
age of DNA in the form of a complex versus the ratio between
DNA concentration and dissociation constant, assuming a 1:1
protein:DNA ratio in the complex and first-order binding kinetics.
U
[DNA]/Kd
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using a direct addition method in a volume of 20 p,1 in a sealed
tube. The crystallization mix contained -70 p.M complex,
20 mM MES at pH 5.75, 1.8 mM spermine, 2 M ZnC12,
30 mM NaCl, 12 mM CaC12 and 10% 2-methyl-2,4-pentane-
diol (MPD). Crystals grown in this way are monoclinic (space
group C2 with a=121.67 A, b=113.09 A, c=62.36 A,
3=117.45 °) and when frozen (95 K) diffract to beyond 3 A. If
the crystals are not frozen the diffraction falls back to 5 A after
only 30 min exposure to X-rays from a CuKax source. The
crystal used to collect the data described here diffracted
anisotropically to 2.5 A.
Data collection
Prior to data collection the crystal was stabilized by transferring
to an artificial mother liquor containing a higher concentration
of MPD (28%). The crystal was then mounted in a nylon loop
and frozen in a stream of nitrogen gas at 95 K (Oxford
Cryostream apparatus). 205° of data were collected in 1°
images with a CuKoa source and a 30 cm MAR image plate
detector. The data were processed using the program IPX-
MOSFLM [32]. As a consequence of the relatively high mosaic
spread, 0.90 (itself a consequence of freezing), there were no
fully recorded reflections. The data were scaled and merged
using the CCP4 suite of programs (SCALA, AGROVATA and
TRUNCATE) [33]. The final dataset of 85446 reflections
(22960 unique, multiplicity 3.7) is 99.5% complete to 2.6 A
with an overall Rmerge of 7.0%.
Molecular replacement solution and structure refinement
The key to the molecular replacement solution was that the
molecular packing could be readily solved by inspection. DNA
arcs in the diffraction pattern at -3.4 A indicated that the DNA
is oriented with its axis parallel to the b axis of the crystal.
Since this axis (113.09 A) is approximately twice the expected
length of the 17 bp oligonucleotide (2x17x3.4=115.6 A), it
seemed likely that the DNA is arranged in pseudo-continuous
helices oriented down the b axis of the crystal.
The unit cell volume is consistent with two or three complexes
in the asymmetric unit (3.1 A3 Da-' or 2.1 A3 Da-'). A very
strong peak in the self-Patterson function (38.5% of the origin
peak) suggested that there were in fact two complexes in the
asymmetric unit related by the translation (a=0, b=0.143,
c=0.5). Given that the translation in b is not close to 0.5 it was
clear that successive molecules in the pseudo-continuous DNA
helix must be crystallographically related and hence approxi-
mately positioned on the two-fold screw axes. Thus for the
molecular replacement solution the only unknown parameter
was the rotation of the complex about the axis of the DNA.
This was found using a one-dimensional direct rotation search
in X-PLOR [29] using dimer A in the orthorhombic crystals as
the search molecule [24]. An unambiguous solution was found.
The orientation was then refined in three dimensions in X-
PLOR. Two complexes in this orientation were approximately
positioned on adjacent screw axes of the unit cell with a rela-
tive translation in the b axis according to the self-Patterson
function. This packing is compared with the packing in the
ERDBD/ERE-CON crystals in Fig. 4. A local translation
search in x and z directions was used to refine the position of
the two complexes. Finally, a rigid-body refinement, using data
from 12.5 A to 3.2 A and with the four protein molecules and
four DNA half-sites grouped separately, reduced the R-factor
from 50.1% to 36.3%.
Several rounds of rebuilding, positional refinement, simulated
annealing and restrained B-factor refinement, followed by the
addition of 134 water molecules, reduced the R-factor from
41.2% to 22.2% (7 A to 2.6 A). Note that sugar puckers were
unrestrained during the refinement. The rms deviations from
ideal bond lengths/angles are 0.007 A/1.193 ° for the protein
and 0.017 A/3.548 ° for the DNA.
Atomic coordinates for the ERDBD-VitB1(2) complex struc-
ture will be deposited with the Brookhaven Protein databank.
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